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Abstract

Cyanobacteria have been shown to be capable of producing a variety of advanced
biofuels; however, product yields remain well below those necessary for large scale
production. New genetic tools and high throughput metabolic engineering techniques
are needed to optimize cyanobacterial metabolisms for enhanced biofuel production.
Towards this goal, this project advances the development of a multiple promoter
replacement technique for systems-level optimization of gene expression in a model
cyanobacterial host: Synechococcus sp. PCC 7002. To realize this multiple-target
approach, key capabilities were developed, including a high throughput detection
method for advanced biofuels, enhanced transformation efficiency, and genetic tools
for Synechococcus sp. PCC 7002. Moreover, several additional obstacles were
identified for realization of this multiple promoter replacement technique. The
techniques and tools developed in this project will help to enable future efforts in the
advancement of cyanobacterial biofuels.
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1. INTRODUCTION AND PROJECT OBJECTIVES

1.1. Cyanobacterial Biofuel Production

Cyanobacteria are ideal hosts for biofuel production due to their amenability for genetic
manipulation and their ability to directly convert CO, and sunlight into drop-in replacement fuels
with such genetic modification. In fact, preliminary research has demonstrated that cyanobacteria
can produce biofuels and biofuel precursors including ethanol,!> 2 isopropanol,® isobutanol, 3
ethylene,® isoprene,’ limonene,® bisabolene,? free fatty acids,” '° fatty alcohols,!' and alkanes.!!
While these studies have shown the flexibility of cyanobacterial metabolism with regard to
biofuel production, biofuel productivities remain well below the levels needed for economically
viable, industrial scale production.

1.2. Genetic Modification of Cyanobacteria

A main advantage of cyanobacteria relative to eukaryotic algae is their facile genetic
manipulation. In fact, many of the model strains of cyanobacteria are naturally transformable,
and as prokaryotes, targeted genome integration via homologous recombination is feasible.!> 13
Despite these advantages, the tools for genetic modification of cyanobacteria are primarily
derived from fundamental studies of cyanobacteria manipulation for the understanding of
cyanobacterial photosynthesis and circadian rhythm.'> These tools include promoters from
Escherichia coli and cyanobacterial promoters known to drive genes involved in carbon fixation
and photosynthesis. Recent studies have started to focus on developing better characterized and
more flexible promoters for the advancement of cyanobacterial as a chassis organism.'#1¢ These
developments may enable metabolic engineers to achieve higher biofuel yields in cyanobacterial
hosts; however, our incomplete understanding of the metabolism and regulatory mechanisms of
cyanobacteria, particularly under natural diurnal light conditions, continues to limit our ability to
optimize biofuel production in these hosts.

High-throughput genetic modification methods have recently been developed for the
optimization of other host organisms, such as E. coli.!” Multiplexed Automated Genome
Engineering (MAGE) has proven particularly useful for the optimization of chemical synthesis in
E. coli by targeting multiple ribosome binding sites or promoters throughout the E. coli
genome.!® 1° The standard application of MAGE relies on random nucleotide variation within
short oligonucleotide sequences targeting specific regions in the E. coli genome; thus, many of
the insertions with MAGE may be either neutral or even detrimental for the organism or
application. MAGE therefore relies on a screening based approach to optimize the mutations for
products readily detectable by high throughput approaches. As many biofuels and biofuel
precursors require laborious sample preparation and analysis, it is challenge to apply a semi-
random, high throughput approach such as MAGE for biofuel optimization in either E. coli or
cyanobacterial hosts. Thus, there remains a need for high throughput genetic modification and
optimization of cyanobacteria for biofuel production that cannot be met with standard E. coli
modification techniques.

1.3. Synechococcus sp. PCC 7002 as Host

Synechococcus sp. PCC 7002 is an ideal candidate for development of a cyanobacterial
chassis for biofuel production. The genome of Synechococcus sp. PCC 7002 is sequenced and
available; it has demonstrated protocols for genetic manipulation; the cyanobacterium is
naturally transformable; and it has a rapid doubling time of 2.6 to 4 hours.?> 2! Moreover,
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Synechococcus sp. PCC 7002 has additional properties which make it amenable for advanced
biofuel production. Compared to the freshwater cyanobacterial model organisms, Synechococcus
elongatus PCC 7942 and Synechocystis sp. PCC 6803, Synechococcus sp. PCC 7002 has a
naturally high tolerance of potential biofuel products and has demonstrated capabilities for
producing high levels of free fatty acids, key precursors for many advanced biofuels.?? Other
beneficial strain traits include its high salt, light, and temperature tolerances. Synechococcus sp.
PCC 7002 can tolerate up to 3M salt,>3 allowing for growth on seawater and other non-
freshwater resources and reducing potential growth inhibition due to the elevated salinities
resulting from evaporation. The strain has also demonstrated a high light tolerance, exceeding
that of peak sunlight intensities; Synechococcus sp. PCC 7002 growth in outdoor systems will
therefore not suffer from photoinhibition. Lastly, Synechococcus sp. PCC 7002 can tolerate
temperatures up to 40°C,? allowing for growth and survival under the high temperatures often
reached in closed photobioreactors.

1.4. Project Objectives

This project will investigate a novel method for multiple target integration in
Synechococcus sp. PCC 7002 to optimize the host for biofuel production. Multiple genome
integration cassettes will be designed to replace native genome sequences with specific target
sequences. In this project, we will focus on the replacement of native promoters with
characterized promoters to rationally optimize gene expression of multiple target genes
throughout the genome of Synechococcus sp. PCC 7002. Each integration cassette will include
three main components: the characterized promoter, an optical reporter (i.e. fluorescent protein)
for the detection of genome integration, and flanking homologous regions targeting the native
promoter to be replaced. This cassette design is shown in Figure 1. Cassettes targeting multiple
promoters will be designed and synthesized, and these DNA cassettes will be simultaneously
transformed with repeated rounds of transformation to generate combinatorial mutants with
replaced promoters. Each promoter replacement will include the integration of an additional
copy of the fluorescent protein reporter, leading to increased signal. Thus, the transformation
mixture will be sorted via fluorescence activated cell sorting (FACS) based on the fluorescence
intensity, and if necessary, isolated transformants may be subjected to additional rounds of
targeted insertion to increase the number of targeted promoter replacements (Figure 1).
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Figure 1. Schematic of proposed multiple target promoter replacement strategy. DNA
integration cassette is shown with loxP sites for removal of the fluorescent reporter
cassette. Multiple target DNA integration cassettes will be simultaneously transformed

into Synechococcus sp. PCC 7002.

While the full development of this multiple target promoter replacement technique is not
feasible under the time and budget limitations of this project, we will focus on several
preliminary objectives to enable this technique:

1.

To develop a high throughput technique for screening combinatorial mutants of
Synechococcus sp. PCC 7002 for advanced biofuel production. While this method
will focus on replacement of targeted promoters with well-characterized promoters,
the number of combinatorial mutants generated by such an approach will likely
require a high throughput screening approach. For example, just 10 targeted promoter
replacements will generate a possible 1023 combinatorial mutants.

To optimize the transformation efficiency of Synechococcus sp. PCC 7002. While
Synechococcus sp. PCC 7002 is naturally transformable, the transformation efficiency
is reported at approximately 10¢ cells per pg of transforming DNA or 0.58% of the
cell population.?* Therefore, in order to introduce just two genome integration events,
the efficiency will be only 0.34%, and for 10 targeted integration events, the
efficiency will be 0.0043%.

To characterize fluorescent proteins and promoters in Synechococcus sp. PCC 7002.
The proposed method for targeted multiple promoter replacement will require a
fluorescent protein reporter that is readily detected and does not interfere with the
native fluorescent pigments in Synechococcus sp. PCC 7002. Additionally,
characterized promoters that interface with the native metabolic and regulatory
systems in Synechococcus sp. PCC 7002 are required for use in the targeted
integration cassettes.

Progress towards meeting these objectives are detailed in the subsequent sections of this SAND

report.

1.5. Disclaimer

Due to potential copyright issues, data to be included in other journal publications
currently in preparation have been excluded from this SAND report. References for these future
publications are provided based on the anticipated journal for submission; however, this may be

11



subject to change. For updated information on publications including this data, please refer to the
principal investigator’s webpage: http://www.sandia.gov/bioenergy-biodefense/Ruffing.html.
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2. MATERIALS AND METHODS

2.1. Materials

Materials and kits used in this project are described in our publications.!® 24 23
Synechococcus sp. PCC 7002 was obtained from the American Type Culture Collection (ATCC
27264).

2.2. Cyanobacterial Cultivation

Synechococcus sp. PCC 7002 was cultivated as described previously.!® 25 Briefly,
Synechococcus sp. PCC 7002 was cultivated in Innova 42R shaking incubators at 34°C, which
was determined to be the optimal growth temperature under these laboratory conditions.
[llumination was provided from alternating cool white and plant fluorescent lights at an intensity
of 40 — 60 umol photons m s-!. Aeration was provided by shaking at 150 rpm in 500 mL baffled
Erlenmeyer flasks with ventilation caps. Strains were maintained on agar plates of medium A+
with appropriate antibiotics. Plated strains were restreaked each month to maintain growth, and
cryogenic stocks were made as described previously.?¢

For transformation of Synechococcus sp. PCC 7002, plated stock of Synechococcus sp.
PCC 7002 was inoculated into a 16 mm glass test tube containing 4 mL of medium A+ with
ventilation cap. The inoculum was grown at 30°C and the aforementioned light and aeration
conditions under continuous light for approximately 4 days. This culture was used to inoculate
100 mL of medium A+ at a dilution of 100x in a 500 mL baffled flask with ventilation cap, and
the large culture was incubated for approximately 4 days at 30°C until an OD73y between 1.5 and
2.0 was obtained. Prior to transformation, the culture was diluted to the appropriate OD73, and 1
mL was allocated into a 16 mm glass test tube with ventilation cap. 0.5 pg of linearized
transforming DNA was added to each 1 mL of culture for transformation. The transformation
culture was placed back in the incubator under 30°C and standard light and aeration conditions.
Samples of the transformation culture (100 pL) were taken at various times (2 — 24h), diluted
with medium A+, and spread on medium A+/agar plates containing 50 pg/mL of kanamycin.
Transformation plates were placed under 30°C and 40 — 60 pmol photons m= s™! for 4 to 7 days,
until single colony growth was visible. Colonies were manually counted to determine the
transformation efficiency.

2.3. Strain Development
All strains constructed in this project are described in our publication.?*

2.4. Analytical Measurements
2.4.1. FTIR spectroscopy

Pentadecane was analyzed using an FT-IR spectrometer with SmartArk Attenuated Total
Reflectance (ATR) accessory plate. For each sample, 1 mL of medium A+ or medium A+ spiked
with pentadecane (69.8 pg/mL) was spotted onto the ATR plate, and the liquid was allowed to
evaporate to remove water interference in the IR region. Additional water was used to rinse off
salts that interfered with the alkane IR bands.

13



2.4.2. Nile Red and Bodipy Staining

Nile red and Bodipy staining protocols previously used for detection of fatty acids and
neutral lipids (e.g., triacylglycerol) in microalgae?’ were adapted for detection of free fatty acids
and alkanes in medium A+. Both Nile red (neutral red, Fisher Scientific) and Bodipy (505/515,
4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene, Life = Technologies) were
dissolved in dimethylsulfoxide (DMSOQO) at concentrations described in Section 3. Dye
concentration and staining time were optimized for each dye, and the sensitivity and quantitative
capabilities of each dye were assessed in Section 3. Each sample consisted of 100 pL. of medium
A+ or medium A+ spiked with a representative FFA (palmitic acid) or alkane (pentadecane).
Samples were placed in a flat, black bottom microwell plate (Costar) and analyzed using a
Turner Biosystems Modulus microplate reader. Nile red and bodipy fluorescence were measured
with excitation wavelengths of 525 nm and 490 nm and emission wavelengths of 580-640 nm
and 510-570 nm, respectively. For each well, three technical replicate fluorescence readings
were averaged for each biological sample, and each data point is the average of three biological
experimental replicates. The standard deviation of the biological replicates is represented by the
error bars.

2.4.3. Measurement of Genome Copy Number

Genome copy number was measured using a quantitative PCR (qPCR) method
previously described.?® ?° Primers were designed to the origin and terminus of Synechococcus sp.
PCC 7002 for qPCR amplification of 290 and 282 bp regions, respectively (Table 1). Additional
primers were designed to amplify 1,014 and 1,017 bp regions of the origin and terminus that
include the smaller qPCR regions; these larger fragments were used to generate a standard
calibration curve for converting the qPCR results into quantitative DNA measurements of
genome copy number. The larger fragments for calibration standards were amplified using
traditional PCR (95°C for 5 min, [95°C for 30 sec, 60°C for 30 sec, 68°C for 1 min] x 30, 68°C
for 5 min); these fragments were quantified using PicoGreen dye (Life Technologies) and
fluorescence measurements using a Nanodrop fluorometer. Origin and terminus standards were
diluted and included in the qPCR measurements to generate calibration curves for determining
genome copy number. For the isolation of DNA from Synechococcus sp. PCC 7002 cultures, 20
to 1.5 mL samples were placed into 15 mL centrifuge tubes and centrifuged at 3200 x g for 30
minutes in a Beckman Coulter Allegra X-30R centrifuge. The supernatant was discarded and the
cell pellets were immediately stored at -20°C. Frozen pellets were thawed and resuspended in 0.5
mL of DNase-free water. Resuspended cells were added to 0.1 mm silica beads (Lysing Matrix
B, MP Biomedical) and disrupted via vortexing for 5 min. Cellular debris and the silica beads
were removed by centrifugation at 15,000 x g for 20 min in an Eppendorf microcentrifuge.
Supernatant containing the released cellular DNA was diluted 1 to 20 x prior to qPCR analysis
with DNase free water. qPCR was performed using SYBR Green Master Mix (Life
Technologies) and the following PCR conditions in an Applied Biosystems 7500 Real-Time
PCR instrument: 50°C for 2 min, 95°C for 10 min, [95°C for 15 sec, 60°C for 1 min] x 40, with
standard dissociation curve. Triplicate technical replicate measurements were included for each
sample, and no reverse transcriptase (RT) controls were included for both the origin and
terminus reaction mixtures.
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Table 1. Primers for gPCR measurement of genome copy number
for Synechococcus sp. PCC 7002

Primer | Sequence

qOriF GGTACGCCTCACTTCTCCAGA
qOriR GCTGGGTATCCAAACGGTAATG
OriF GTGACTCAAAATCCCCAATGG
OriR GAGGTTTTCCACCGTCATCG
qTermF | GCTGGTTTAACCGATGCTGA
gTermR | GCAATGAAGTCCTGCTCGAAC
TermF ATTTGGATACGAACAATATCACCG
TermR CCTACGAAATAGACGGGAACAG

15



16



3. HIGH-THROUGHPUT DETECTION OF LONG-CHAIN BIOFUELS

3.1. Background and Motivation

Application of the proposed multiple-target genetic modification approach will require a
high-throughput technique for characterizing biofuel production in the modified strains, as the
number of possible combinatorial mutants will scale exponentially with the number of targets for
genetic modification. Due to the higher energy density of long-chain biofuels, long-chain
hydrocarbon metabolites, such as alkanes and free fatty acids, are ideal products for a
cyanobacterial biofuel production system.3® Unfortunately, the detection and quantification of
these long-chain hydrocarbon species typically requires tedious sample preparation methods,
such as lipid extraction,?! along with long run times (minutes to hours) for sample analysis using
conventional instrumentation, such as gas chromatography/mass spectrometry (GC/MS). As such
traditional methods are not amenable to high-throughput screening, this study investigated
alternative approaches for alkane and free fatty acid detection and quantification.

For high-throughput screening applications, spectroscopic methods of detection that do
not require sample preparation are ideal. Two spectroscopic methods are capable of detecting
hydrocarbons directly without significant sample preparation: Fourier transform infrared (FTIR)
and Raman spectroscopies. FTIR spectra of hydrocarbons will produce strong bands in the 2800
— 3000 cm! region of the spectrum due to the C-H bonds along with weak bands at 4200 — 4400
cm! and 5500 — 6000 cm! regions.?? Due to the overwhelming water absorption bands at 2500 —
4500 cm™! and 4800 — 6200 cm!, hydrocarbon signatures are not readily detectable in aqueous
solutions like cell cultures. To avoid interference from water, it is possible to spot a small
volume of sample on an attenuated total reflectance (ATR) plate and allow the water to
evaporate prior to detection. The time for samples spotting would slow down the throughput of
this type of detection method, yet this would still be faster than traditional methods of lipid
extraction and GC/MS. Raman spectroscopy is also capable of detecting hydrocarbons and does
not suffer from water interference.?? Preliminary efforts to detect pentadecane, a C15 alkane,
using Raman microscopy were unsuccessful, however (data not shown).

In addition to spectroscopic detection methods, several lipophilic fluorescent dyes have
been used to detect and quantify neutral lipids.3*3¢ Two of the most commonly used dyes for
neutral lipid detection are nile red and bodipy, and there has been some debate regarding which
is the best dye for detection and quantification.?”- 3% Recently, several high-throughput screening
methods for detecting bacterial hydrocarbons have been developed based on nile red staining and
have been used to determine the relative quantitation of several hydrocarbon products (free fatty
acids and ketones) in genetically modified strains of E. coli.3%4° For cyanobacteria, fluorescence-
based high-throughput screening methods must be developed in spectra regions where there is
minimal influence from the absorbance and fluorescence features of the native photosynthetic
pigments. The excitation and emission spectra of nile red has been shown to be dependent on the
neutral lipid moiety, with nile red stained phospholipids having excitation and emission peaks
near 550 and 635 nm and nile red stained triglycerides having excitation and emission peaks near
505 and 585 nm. Meanwhile, various bodipy fluorophores have excitation peaks varying from
493 — 630 nm with corresponding emission peaks from 503 — 650 nm. As cyanobacterial
phycobilisomes absorb in the range of 600 — 650 nm and chlorophyll-a absorbs from 400 — 470
nm and 660 — 700 nm, the 500 — 600 nm region of the visible spectrum is ideal for a
cyanobacterial high-throughput screening method. Based on these spectral limitations, both nile
red and bodipy based staining methods have potential for high-throughput screening of
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hydrocarbon production in cyanobacteria. As these dyes are non-specific neutral lipid stains,
both cell membranes and thylakoid membranes within the cyanobacteria will also contribute to
the fluorescence emission signal; however, a relative quantitation of increased hydrocarbon
content within the cell is feasible.

This project investigated FTIR spectroscopy, nile red staining, and bodipy staining as
possible quantitative, high-throughput screening methods for the analysis of hydrocarbon
production in genetically modified cyanobacteria.

3.2. Results

3.2.1. Investigation of FTIR Spectroscopy for High-Throughput Alkane Detection

A label-free, spectroscopic method of detecting long-chain alkanes in medium A+ was
investigated as a non-invasive, high-throughput method of detection: FTIR spectroscopy. As
water has a broad and strong absorption peak in the near-IR (3600 cm), a SmartArk ATR
accessory was used to spot samples and allow water to evaporate prior to detection by FTIR, as
described in Section 2. When pentadecane was mixed with medium A+, spotted on the ATR
plate, and allowed to evaporate, the components of the growth medium were found to overwhelm
the alkane peaks in both the near (~ 14000 - 4000 cm™') and mid (4000 - 400 cm™) IR regions
(Figure 2). When the alkane and medium A+ spot was subsequently rinsed with water and
allowed to dry, the resulting spectrum included both near- and mid-IR peaks corresponding to
the 69.8 nug of pentadecane.

Growth Media Pentadecans solution (~698 ppm solution)

A 034 Normal IR region for alkanes B
500 ul of 688 ppm scin.of C15 (340 ug on plte)

014
Additional region of alkanes

T T 7 T T 7 T T T T T T T T
5500 5000 4500 4000 3500 3000 2500 2000 1500 4500 4000 3500 3000 2500
Wavenumber (em-1) Wavenumber (cm-1)

Pentadecane & Media Pentadecane & Media

69.8 ug pentadecane / 1mL of media

69.8 ug pentadecane / ImL of media

—

T T T
3000 2500 2000

T T T T T T T T T T T T T T
5500 5000 4500 4000 3500 3000 2500 2000 1500 5500 5000 4500 4000 3500
Wavenumber (cm-1) Wavenumber (cm-1)

Figure 2. IR spectra of dried medium A+ (A), 698 ppm of pentadecane (B), medium A+
with 69.8 ug of pentadecane (C), and medium A+ with 69.8 ug of pentadecane after
rinsing with DI water (D) with inset showing alkane signal in the 4300 — 4400 cm-1.
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3.2.2. Nile Red Based Quantification of Alkanes and Free Fatty Acids

Nile red staining was investigated as a possible method for quantitative, high-throughput
detection of both alkanes and free fatty acids. A model alkane (pentadecane) and model free fatty
acid (palmitic acid) were used to optimize the nile red staining protocol and to evaluate the
sensitivity and quantitative capability of this method. The concentration of nile red employed for
pentadecane and palmitic acid staining was investigated for two backgrounds: medium A+ and a
low concentration of Synechococcus sp. PCC 7002 (OD739 = 0.1). As shown in Figure 3 A and B,
a nile red concentration of approximately 10 pg/mL was determined to lead to a high
fluorescence signal for both background solutions and both biofuel targets. Next, the nile red
incubation time was optimized for detection of 94 mM of pentadecane and 0.1 mM of palmitic
acid. The optimal incubation time for pentadecane detection ranged from 5 to 10 minutes while
the optimal incubation time for palmitic acid detection was approximately 5 minutes (Figure 3 C
and D). There was high variability in the nile red fluorescence for pentadecane detection, and
this is likely due to the low solubility of pentadecane in aqueous solution. Lastly, the sensitivity
of detection with nile red was analyzed for both pentadecane and palmitic acid (Figure 3 E and
F). Pentadecane was detected by nile red fluorescence at concentrations as low as 5 mM while
palmitic acid was detected at a concentration of 25 uM. Due to the low solubility of pentadecane
in aqueous solution, we were unable to test concentrations of pentadecane less than 5 mM;
therefore, we were unable to compare the sensitivity of detection with nile red staining for these
two potential biofuel products. Again, the fluorescence readings for pentadecane detection were
much more variable and nonlinear compared to the readings for palmitic acid. Nile red-based
detection of palmitic acid was highly linear (R? = 0.98 and 0.97 for nile red staining of palmitic
acid in medium A+ and 7002 backgrounds, respectively), indicating that this detection method
would be ideal for quantitative as well as qualitative measurement of free fatty acids.
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Figure 3. Optimization of nile red staining concentration (A,B) and incubation time (C,D)
for medium A+ and low cell density (OD;;, = 0.1) Synechococcus sp. PCC 7002
backgrounds spiked with 94 mM pentadecane (A,C) and 0.1 mM palmitic acid (B,D), and
characterization of pentadecane (E) and palmitic acid (F) detection sensitivities for nile
red staining. Measurements are the average of a minimum of three experimental
replicates with error bars indicating the standard deviation.

3.2.3. Bodipy Based Quantification of Alkanes and Free Fatty Acids

Bodipy staining was also investigated for quantitative, high-throughput detection of
alkanes and free fatty acids, again using pentadecane and palmitic acid for optimization with
medium A+ and low cell density (OD73 = 0.1) Synechococcus sp. PCC 7002 culture as
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backgrounds. The optimal bodipy concentration for staining and detection of 94 mM of
pentadecane was approximately 500 nM while detection of 0.1 mM of palmitic acid was highest
with 1 uM of bodipy stain (Figure 4 A and B). The optimal incubation time for bodipy staining
ranged from 5 — 20 minutes for detection of 94 mM of pentadecane, and high fluorescence signal
for bodipy staining of 0.1 mM of palmitic acid was observed for all tested incubation times: 5 —
60 minutes (Figure 4 C and D). Similar to nile red, bodipy staining was able to detect 5 mM of
pentadecane, the lowest concentration of pentadecane that could be reliably mixed with aqueous
solution, and 25 pM of palmitic acid (Figure 4 E and F). There was no observable change in
bodipy fluorescence for 5 — 250 mM of pentadecane, and while there is some quantitative
increase in bodipy fluorescence with increasing palmitic acid concentrations, the correlation was
not as linear as that observed with nile red staining (R> = 0.93 and 0.91 for bodipy staining of
palmitic acid in medium A+ and 7002 backgrounds, respectively)
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Figure 4. Optimization of bodipy staining concentration (A,B) and incubation time (C,D)
for medium A+ and low cell density (OD;;, = 0.1) Synechococcus sp. PCC 7002
backgrounds spiked with 94 mM pentadecane (A,C) and 0.1 mM palmitic acid (B,D), and
characterization of pentadecane (E) and palmitic acid (F) detection sensitivities for
bodipy staining. Measurements are the average of a minimum of three experimental
replicates with error bars indicating the standard deviation.
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3.3. Discussion
A high-throughput method of detecting long-chain hydrocarbon products, such as alkanes
and free fatty acids, is a key step for screening biofuel-producing strains of cyanobacteria
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constructed through either random or targeted strain development approaches. In this study, we
investigated three approaches for high-throughput detection of both alkanes and free fatty acids.
While we demonstrated that FTIR spectroscopy is capable of detecting alkanes in the
cyanobacterial medium (medium A+), this detection method requires some sample preparation,
including the spotting and drying of samples on an ATR plate to eliminate interference from
water as well as an additional wash and evaporation step to remove interfering components from
the culture medium. These sample preparation steps will hinder the rate of throughput for FTIR-
based hydrocarbon detection, making this method less than ideal for high-throughput
quantitation of hydrocarbon production in cyanobacterial mutants. Nile red and bodipy based
detection of cyanobacterial hydrocarbons will be less chemical-specific compared to FTIR but
has the potential for high throughput rates and integration with a fluorescence-activated cell
sorter (FACS) for very high-throughput, single cell analysis and sorting. This study showed that
both nile red and bodipy are capable of detecting alkanes and free fatty acids both in solution and
in dilute cyanobacterial culture. Nile red staining proved to be more quantitative than bodipy
staining for extracellular pentadecane and palmitic acid detection. Additionally, the correlation
between fluorescence signal and hydrocarbon concentration was highly linear for nile red
staining of palmitic acid. Meanwhile, the correlation for pentadecane was weak, suggesting that
the application of neutral lipid dyes for alkane detection may not be useful for quantitative
measurements. This preliminary investigation of high-throughput approaches for detecting
hydrocarbon production in cyanobacterial mutants indicates that a nile red staining method will
provide quantitative measurement of free fatty acids and semi-quantitative detection of alkanes
and has the potential to be analyzed with FACS.
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4. OPTIMIZATION OF SYNECHOCOCCUS SP. PCC 7002
TRANSFORMATION

4.1. Background and Motivation

In order to develop a high throughput method for targeting multiple genetic modifications
based on homologous recombination, the transformation process for Synechococcus sp. PCC
7002 must be optimized for high efficiency. Several factors are important for transformation,
including the identification of neutral integration sites in the genome, optimization of conditions
for transformation, characterization of host exonuclease activity, and genome copy number (i.e.,
ploidy).

While Synechococcus sp. PCC 7002 has previously been modified with the insertion of
foreign genes into its genome,*! most efforts have utilized the desaturase B (desB) site for
integration. DesB is important for membrane desaturation at low temperatures (22°C)* but is not
produced under standard laboratory conditions (30-38°C). Ultimately, biofuel-producing
Synechococcus sp. PCC 7002 will be grown under outdoor environmental conditions, which are
likely to include temperatures as low as 22°C. Therefore, true neutral integration sites are needed
for Synechococcus sp. PCC 7002. One putative neutral integration site, between two open
reading frames for hypothetical proteins (SYNPCC7002_A0935 and SYNPCC7002 A0936), has
been evaluated under standard laboratory conditions (37°C, 250 umol photons m s-!) and found
to be acceptable for limonene and bisabolene production.® However, additional neutral
integration sites may be required for large or multiple foreign pathways.

Several experimental conditions have been shown to influence the transformation
efficiency of genome integration via homologous recombination in Gram-negative bacteria.
These include the amount of transforming DNA, whether the transforming DNA is circular or
linear, the growth phase of the host cell, incubation time, temperature, agitation, and light (for
photosynthetic bacteria). Initial transformation optimization determined that 0.5 pg/mL of
linearized DNA with exponentially growing cells under continuous light, 30°C, agitation, and
approximately 24 h of incubation are optimal for transformation of Synechococcus sp. PCC
7002.43-4 Factors that remain to be explored for Synechococcus sp. PCC 7002 transformation
include the ratio of DNA to cells, the length of homologous regions, and the influence of host
exonucleases.

Lastly, recent studies in other cyanobacteria, namely Synechococcus elongatus PCC 7942
and Synechocystis sp. PCC 6803, have shown that these cyanobacterial strains possess multiple
genome copies, up to 142 genome copies for exponentially growing Synechocystis sp. PCC
6803.2° While Synechococcus sp. PCC 7002 is a model cyanobacterium, the genome copy
number for this organism has yet to be reported, and the relationship between growth rate and
genome copy number remains largely unexplored for cyanobacteria. Previous studies of genome
copy number in Escherichia coli indicate that environmental conditions that affect growth may
also affect genome copy number.*® Thus, it may be possible to reduce genome copy number in
Synechococcus sp. PCC 7002 and other cyanobacteria by utilizing non-ideal growth conditions.
A low genome copy number is important for the proposed multiple-target genetic modification
technique, as integration of the same construct into multiple genome copies would lead to false
fluorescence signal and the isolation of homologous modified genomes would be challenging.

This chapter addresses the aforementioned factors involved in transformation of
Synechococcus sp. PCC 7002: the identification of neutral integration sites, optimization of cell
concentration, optimization of the length of homologous regions, detection of host exonuclease
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activity, and measurement of genome copy number under various growth-limiting environmental
conditions.

4.2. Results

4.2.1. Identification and Characterization of Neutral Integration Sites for Synechococcus
sp. PCC 7002

To identify putative neutral integration sites within the genome of Synechococcus sp.
PCC 7002, the size of intergenic, noncoding regions of the genome were analyzed. Only three
intergenic, noncoding regions were found to be greater than 1 kb in size: the region between
SYNPCC7002 A0932 and SYNPCC7002 A0933 (1,027 bp), the region between
SYNPCC7002 A1202 and SYNPCC7002 A1203 (1,040 bp), and SYNPCC7002 A1778 and
SYNPCC7002 A1779 (1,401 bp). These regions were designated neutral site 1 (NS1), neutral
site 2 (NS2), and neutral site 3 (NS3), respectively. Antibiotic resistance genes were inserted into
putative NS1 and NS2 to form 7002ANS1 and 7002ANS2. These neutral site mutants were
shown to have no significant changes in growth or photosynthetic yield compared to the wild

type.24

4.2.2. Optimization of Cell Concentration for Transformation of Synechococcus sp.
PCC 7002

Previous studies have determined that exponentially growing cells of Synechococcus sp.
PCC 7002 yield higher transformation efficiencies than stationary phase cells.** However, the
ratio of cells to transforming DNA can play an important role in determining transformation
efficiency. In this study, we investigated the transformation efficiency of various concentrations
of Synechococcus sp. PCC 7002 culture with 0.5 pg/mL of linearized plasmid DNA (pSB, Spel
digested). pSB includes approximately 1 kb regions homologous to the sequences upstream and
downstream of the fatty acid desaturase, desB, with a kanamycin resistance cassette for selection.
The transformation efficiency was determined based on the number of transformants (i.e.
kanamycin resistant colonies) per pg of transforming DNA. For the conditions used in this study
(0.5 g linearized pSB, 30°C, 150 rpm, 60 umol photons m s!), a concentration of OD73¢ = 1.0
was found to lead to the highest transformation efficiencies (Figure 5). All concentrations were
determined from exponentially growing cultures of Synechococcus sp. PCC 7002 (OD739 = 0.7 —
1.0) by centrifugation at 3,900 x g for 10 min and resuspension in fresh medium A+.
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Figure 5. Transformation efficiencies of Synechococcus sp. PCC 7002 cultures of various
concentrations based on the optical density (OD) at 730 nm with 0.5 ug of linearized pSB.
The transformation efficiencies were measured at a range of time points after addition of
linearized pSB. Transformation conditions = 30°C, 150 rpm, 60 ymol photons m-2 s-'. Data
are averages of three biological replicates with error bars representing the standard
deviation.

4.2.3. Optimization of Length of Homologous Regions for Integration into
Synechococcus sp. PCC 7002

A DNA integration cassette includes three basic components: the target gene, a selection
marker (i.e. antibiotic resistance cassette), and flanking regions that are homologous to the
integration region of the host genome. The length of the homologous regions for integration is
often highly correlated to transformation efficiency.*’ For synthetic biology and high-throughput
applications, it is often desirable to synthesize the entire DNA integration cassette; therefore,
cost of this DNA synthesis can be reduced by minimizing the length of the homologous regions
in the integration cassette. The relationship between transformation efficiency and the length of
the homologous regions was investigated by modifying the homologous regions of pSB to
include various lengths: 250 bp, 500 bp, 750 bp, 1000 bp, and 1250 bp. As expected, the
transformation efficiencies correlated with the length of homologous regions, with high
transformation efficiencies resulting from 1250 bp homologous regions.**

4.2.4. Exonuclease Activity in Synechococcus sp. PCC 7002

Host exonuclease activity is another factor affecting transformation efficiency. To
determine if Synechococcus sp. PCC 7002 has significant exonuclease activity, the
transformation efficiencies of two transforming DNA fragments were compared: (1) a PCR
amplified desB integration cassette, consisting of 1kb flanking regions of homology and a
kanamycin resistance cassette and (2) linearized pSB, consisting of the 1kb flanking regions of
homology, a kanamycin resistance cassette, and protection nucleotides of 817 and 115 bp on
each end of the linearized fragment. As the only difference between these two transforming
DNA fragments is the addition of protection nucleotides for linearized pSB, a difference in the
transformation efficiencies of these DNA fragments is evidence of exonuclease activity. As
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shown in our manuscript,”* more than a 30-fold increase in transformation efficiency of
Synechococcus sp. PCC 7002 was observed with linearized pSB compared to the PCR desB
integration cassette.

4.2.5. Genome Copy Number of Synechococcus sp. PCC 7002

In order to develop a method for multiple target integration in Synechococcus sp. PCC
7002, a low genome copy number is desirable to prevent increased signal from the same target
integrating into multiple genome copies and also to ensure uniform genome sequence within a
single cell. In this project, we studied the genome copy number of Synechococcus sp. PCC 7002
during the course of its normal growth cycle and also under non-ideal conditions (low light (LL)
15 pmol photons m? s!' and low temperature (25°C and 22°C)) to determine if external
conditions could be applied to control the level of ploidy. A qPCR-based method for quantifying
genome copy number was employed along with flow cytometer or hemocytometer cell counts to
calculate the genome copy number per cell.?® Target regions near the origin of replication and the
terminus were amplified to determine whether full or incomplete genome copies were present.
From these experiments, the average genome copy number in Synechococcus sp. PCC 7002
varied from 1 to 22 under standard growth conditions (34°C, moderate light (ML)). As shown in
Figure 6, several trends are noticeable: First, there are lower genome copy numbers during the
early exponential growth phase and higher genome copy numbers during the stationary phase.
Second, there is little change in genome copy number with LL or a temperature of 25°C despite
the much reduced growth rate under these non-ideal conditions. Lastly, under very low
temperature conditions (22°C), there is a high number of origin copies but low number of
terminus copies, indicating incomplete genomes are present within Synechococcus sp. PCC 7002
under these conditions.

28



120

100 [ ®W34°C, ML
m34°C, LL
| m2s5%, ML

(o]
o

M 25°C, LL
m22°C, ML

molecules/cell
[=2]
o

s
o
L

20

B
(=]

w
w

| maac,mu
1 m3a%c, 1L
H25°C, ML
1 masec, 1L
| m22°c, ML

|

0.1 0.5 1 3 5 7 10
ODHO

Figure 6. Genome copy number for origin (A) and terminus (B) of Synechococcus sp.
PCC 7002 genome under various conditions: moderate light (ML) = 60 pmol photons m-2
s, low light (LL) = 15 pmol photons m s-!, and temperatures of 34°C, 25°C, and 22°C.
Data are averages of two biological replicates with error bars representing the standard
deviation with the exception of the 22°C, ML condition of which there is only one
biological replicate.

molecules/cell
N 1] w
o v o

[y
w

10 A

4.3. Discussion

This investigation into transformation factors for Synechococcus sp. PCC 7002 led to
several important discoveries. First, the identification of putative neutral sites for genome
integration will allow for the integration of non-native genes and pathways to utilize
Synechococcus sp. PCC 7002 as a chassis for the production of biofuels and other chemical
products. These neutral site mutants should be fully characterized under specific process
conditions prior to the use of these sites for strain development, as the mutants have only been
tested under standard laboratory conditions in this study. These laboratory conditions are likely
different from actual process conditions which will utilize natural sunlight that is subject to
diurnal variation, higher light intensities, and a broader spectral wavelength compared to
fluorescent lights. Second, analysis of cell concentration during transformation revealed that cell
concentration has some influence on the transformation efficiency of Synechococcus sp. PCC
7002, with OD73, = 1.0 yielding the highest transformation efficiencies for 0.5 pg of
transforming DNA. However, these results also suggest that cell concentration is not the most
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influential factor, as transformation efficiencies across a wide range of cell concentrations
(OD739 = 0.5 — 4.0) are within experimental error (Figure 5). Third, the length of homologous
regions required for successful genome integration in Synechococcus sp. PCC 7002 were
determined. If minimizing the length of the homologous regions for reduced cost of DNA
synthesis is a greater priority than high transformation efficiency, successful integration can be
achieved with as little as 250 bp regions of homology. For high transformation efficiencies,
however, homologous regions greater than 750 bp are best. The minimum length of homologous
regions for integration into the Synechococcus sp. PCC 7002 genome is much higher than that
reported for E. coli, which can use homologous regions as low as 23 bp.#’ It may be possible to
achieve successful integration with shorter homologous regions by deleting the exonuclease in
Synechococcus sp. PCC 7002 responsible for degrading the transformed DNA. Activity of an
exonuclease was confirmed in this study; however, the gene responsible for this exonuclease
activity must still be identified. An exonuclease deficient Synechococcus sp. PCC 7002 would be
ideal for future strain development efforts but may also lead to higher mutation rates if the
exonuclease deficient strain is exposed to exogenous DNA from contaminants. Lastly, high
genome copy number in Synechococcus sp. PCC 7002 was confirmed, similar to that reported in
other cyanobacterial strains.?? While low temperature and low light conditions yielded significant
reductions in the growth rate of Synechococcus sp. PCC 7002, the genome copy number was not
significantly changed under these conditions except for a temperature of 22°C. At 22°C, a very
high copy number of the origin of replication was detected along with a low copy number of the
terminus region. Based on this result, it may be possible to target genes to the terminus region of
Synechococcus sp. PCC 7002 at 22°C to avoid complications associated with polyploidy, but the
transformation efficiency of Synechococcus sp. PCC 7002 at 22°C remains to be determined.
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5. GENETIC TOOL DEVELOPMENT FOR SYNECHOCOCCUS SP. PCC
7002

5.1. Background and Motivation

In order to detect successful integration of the transformation targets in Synechococcus
sp. PCC 7002, a quantitative reporter will be integrated into the transformation cassette for each
target. Fluorescent proteins are ideal reporter candidates, as they have proven to be quantitative
and do not require the addition of exogenous substrates or other metabolic cofactors.*® The use of
fluorescent proteins in cyanobacteria presents a unique challenge, as cyanobacterial
photosynthetic pigments may absorb the excitation or emission irradiance of the fluorescent
protein and the fluorescence of these natural pigments may interfere with the fluorescence of the
target fluorescent protein. Despite this challenge, the use of a fluorescent protein for detection of
genome integration is a promising strategy to pursue.

In addition to having a quantitative reporter for detection of genome integration, the
transformation cassette will also require a characterized promoter for replacement of native
promoters in the genome of Synechococcus sp. PCC 7002. Only a handful of promoters have
been used for genetic modification of Synechococcus sp. PCC 7002.8 25 41, 49-52 Most of these
promoters are either well-characterized Escherichia coli promoters,> 3% other cyanobacterial
promoters,® 2> 41 or native promoters of Synechococcus sp. PCC 7002 that are used to drive
photosynthetic genes.’!> 32 A recent study also generated a promoter mutant library to produce a
range of expression levels in Synechococcus sp. PCC 7002.16 While these previous works have
enabled the successful modification of Synechococcus sp. PCC 7002 for the production of
biofuels and other products, they are not sufficiently characterized for the proposed multiple-
target promoter optimization. First, E. coli promoters have been shown to yield different
expression levels and regulatory characteristics in cyanobacteria.'* Second, the few
cyanobacterial promoters that have been utilized for recombinant gene expression are promoters
related to photosynthesis (i.e., cpcB and psbAl);3 25> 4% 51, 52 thus, these promoters have high
expression and are strongly correlated to environmental light conditions. The proposed promoter
optimization will require characterized promoters with a range of expression levels and
regulatory patterns. Third, most of these previously verified promoters were only characterized
under low-level continuous light and constant temperature conditions. A biofuel-producing
cyanobacterial strain will likely be cultivated under outdoor environmental conditions, which
will include diurnal light cycling as well as temperature fluctuations. Lastly, the promoter
modifications in our optimized strain will need to interface with the natural metabolism and
regulatory mechanisms of Synechococcus sp. PCC 7002. Based on this requirement, natural
promoters in Synechococcus sp. PCC 7002 are the ideal candidates for characterized promoters.

In this section, we describe the selection, expression, and characterization of fluorescent
protein reporters in Synechococcus sp. PCC 7002 as well as native promoters for gene expression
in Synechococcus sp. PCC 7002.

5.2. Results

5.2.1. Expression and Characterization of Fluorescent Protein Reporters in
Synechococcus sp. PCC 7002

Candidate fluorescent protein reporters were selected based on minimal spectral
interference with the natural absorbance and fluorescence spectra of Synechococcus sp. PCC
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7002 (Figure 7). Few spectral features are naturally present in Synechococcus sp. PCC 7002 in
the 480 — 600 nm region, making this region ideal for a fluorescent protein reporter. Three
reporters with excitation and emission maxima in this region were selected for expression in
Synechococcus sp. PCC 7002: green (hybrid GFP - hGFP),>* yellow (Ypet),>> and orange
(mOrange)** fluorescent proteins. These fluorescent proteins were codon optimized for
expression in Synechococcus sp. PCC 7002, and placed downstream of the rbcL promoter cloned
from Synechococcus sp. PCC 7002. The excitation and emission peaks for each fluorescent
protein expressed in Synechococcus sp. PCC 7002 were determined experimentally (Figure 8).
These excitation and emission spectra match those previously reported for these proteins.33-33
Interestingly, the excitation spectrum for hGFP expressed in Synechococcus sp. PCC 7002
showed some signal at 520 nm with excitation wavelengths near 400 nm; this signal may be due
to chlorophyll or carotenoid fluorescence in the blue region with near-UV excitation’® 37 or
fluorescence from hGFP resulting from excitation by chlorophyll or carotenoid fluorescence
emission. The fluorescence emission from the fluorescent protein reporters had little overlap
with the native pigment fluorescence or absorbance in Synechococcus sp. PCC 7002, with the
exception of hGFP which had a slight overlap with the carotenoid absorbance shoulder.?* We
also demonstrated that these fluorescent proteins can be used for fluorescence microscopy and
flow cytometry interrogation of Synechococcus sp. PCC 7002 modified with these proteins.?*
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Figure 7. Spectral properties of Synechococcus sp. PCC 7002 with the excitation and
emission maxima of candidate fluorescent proteins. Green trace = absorbance spectra of
wild type Synechococcus sp. PCC 7002. Red trace = fluorescence emission spectra of
wild type Synechococcus sp. PCC 7002 with excitation at 488 nm.
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Figure 8. Fluorescence excitation (dashed lines) and emission (solid lines) spectra for
fluorescent proteins expressed in Synechococcus sp. PCC 7002. For the excitation
spectra, emission wavelengths of 520 nm, 565 nm, and 600 nm were used for hGFP, Ypet,
and mOrange, respectively. For the emission spectra, excitation wavelengths of 465 nm,
485 nm, and 515 nm were used for hGFP, Ypet, and mOrange, respectively.

5.2.2. Characterization of Native Promoters as Tools for Rational Strain Development
To rationally design gene expression levels throughout the genome of Synechococcus sp.
PCC 7002, characterized promoters that can readily integrate with native regulatory mechanisms
are needed. Towards this goal, we selected native promoters with varying expression levels (10
— 102 counts per total read count) and regulatory patterns (constitutive, linear phase, and
stationary phase) based on RNA-seq data for Synechococcus sp. PCC 7002 available in the
literature (Figure 9).2! A total of 24 promoters were selected: 8 promoters for each regulatory
pattern with 2 promoters at each expression level. For each candidate promoter, 500 bp of
sequence upstream of the target gene was cloned upstream of the Ypet reporter. Each promoter-
Ypet construct was integrated into the Synechococcus sp. PCC 7002 genome at neutral
integration site 2 (NS2), and Ypet fluorescence was monitored in the modified strains over the
course of a 3 week growth period under both continuous light and diurnal conditions. In general,
the level of expression observed with the promoter-Ypet mutants correlated with the level of
expression reported by RNA-seq.?!> ** However, promoters A2579 and A2520 had low
expression levels from RNA-seq (103 and 10 counts per total count), but very high Ypet
expression (10 to 60-fold higher fluorescence compared to wild type).?* Additionally, there was
very little agreement between regulatory patters of the RNA-seq and Ypet expression data. While
cyanobacterial genes have been shown to oscillate with diurnal light conditions due to circadian
rhythm,*® Ypet expression under diurnal light conditions only varied for a few select promoters
compared to Ypet expression under continuous light.>* These characterized promoters, with
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varying expression level and regulation, may be used to optimize gene expression in
Synechococcus sp. PCC 7002.
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Figure 9. Gene expression levels in Synechococcus sp. PCC 7002 during growth
measured by a previous RNA-seq experiment.?' (A) High expression (102 counts/total
counts); (B) moderate expression (10 counts/total counts); (C) low expression (10

counts/total counts); and (D) weak expression (105 counts/total counts) with constitutive
expression in blue, linear phase expression in red, and stationary phase expression in
green.

5.3. Discussion

The genetic tools developed in this study will advance the development of Synechococcus
sp. PCC 7002 as a chassis organism for biofuel and chemical syntheses. The fluorescent protein
reporters will enable facile analysis of gene expression in this cyanobacterial host, along with
fluorescence microscopy to identify subcellular localization of proteins fused with fluorescent
proteins. One limitation of the fluorescent proteins in this study is that they may persist in the
cell long after mRNA transcript levels have been reduced due to the natural half-life of
fluorescent proteins.’® To overcome this limitation, future studies for gene expression analysis
may include protein degradation tags, such as those previously described,!> to obtain more
accurate correlation between fluorescent protein and mRNA transcript levels. In addition to these
traditional applications of fluorescent proteins, the fluorescent reporters may be applied for the
detection of genome integration of DNA cassettes for promoter replacement, as proposed in this
study. After transformation and integration of the DNA cassettes containing the fluorescent
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protein, the transformants may be sorted by fluorescence activated cell sorting (FACS) to
separate cells with varying numbers of targeted promoter replacements. In addition to the
fluorescent reporters characterized in this study, the characterized promoters from
Synechococcus sp. PCC 7002 may be used as tools for designing synthetic pathways and
optimizing expression in this host. An unexpected result of this study was the differences
detected between Ypet promoter expression and previous RNA-seq results. These differences
may result from variability between the two experiments, including genetic drift, different
environmental conditions, and limitations in promoter sequence. The Synechococcus sp. PCC
7002 strain employed in the RNA-seq study?! was a strain that has been maintained in Donald
Bryant’s lab for approximately 30 years, while the strain of Synechococcus sp. PCC 7002 used in
this study was purchased from the American Type Culture Collection (ATCC), which was
deposited in either the 1970s or 1980s. As previous studies have shown,®® there can be
considerable genetic drift in laboratory strains maintained over long periods of time compared to
those stored under cryogenic or lyophilized conditions. Additionally, there are slight differences
in the environmental conditions employed in the two studies: the RNA-seq study utilized a
temperature of 38°C and illumination at 250 pumol photons m>2 s while this study used a
temperature of 34°C (determined to be the optimal growth temperature for this strain)> and
alternating cool white and plant fluorescent lights at 40 — 60 pumol photons m> s'!. These
environmental conditions may also impact the regulation of gene expression in Synechococcus
sp. PCC 7002. DNA sequences upstream of 500 bp and downstream of the start codon have been
shown to participate in the regulation of gene expression in prokaryotes.®! Therefore, by limiting
the promoter region to 500 bp upstream of the target gene, some key regulatory elements may be
missing in the promoter-Ypet constructs compared to the native gene expression measured by
RNA-seq, or DNA supercoiling and secondary DNA structure may be absent in the promoter-
Ypet constructs. Translational differences resulting from different ribosome binding sites in the
promoter region may also contribute to differences between the RNA-seq results and Ypet
expression. Lastly, antisense RNA targeting the native gene transcripts may be responsible for
the lower transcript levels in the RNA-seq experiment compared to the Ypet expression study.6?
While the exact reason for this discrepancy remains to be determined, the apparent inconsistency
between RNA-seq and Ypet expression results highlights the importance of testing gene
expression under conditions that are identical to the final process conditions.
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6. CONCLUSIONS AND FUTURE DIRECTIONS

There are several notable scientific contributions resulting from this project. First, a high
throughput method for the detection of alkanes and FFAs using the neutral lipid dye, nile red,
was developed. Second, several tools and methods were developed for the advancement of
Synechococcus sp. PCC 7002 as a cyanobacterial chassis for biofuel and chemical syntheses.
Several putative neutral integration sites were identified in the genome of Synechococcus sp.
PCC 7002 for the integration of foreign genes and pathways, and no notable effect on cell
growth or photosynthetic efficiency was observed under standard laboratory conditions for the
neutral site mutants. Both the cell concentration and the length of homologous regions in the
integration cassette were optimized for efficient transformation in Synechococcus sp. PCC 7002,
and exonucleases were found to be active in this host. Future efforts to identify the active
exonucleases may lead to a more efficient Synechococcus sp. PCC 7002 host for strain
development via genetic engineering. Lastly, three fluorescent protein reporters and twenty-four
promoters were developed and characterized as tools for the interrogation and modification of
Synechococcus sp. PCC 7002.

Despite these advancements, several issues remain to be overcome in order to realize the
proposed multiple target promoter replacement method. The polyploidy nature of Synechococcus
sp. PCC 7002 is challenging for several reasons. First, a single target may integrate into multiple
copies of the genome, leading to the production of a higher fluorescence signal. This may result
in false positive identification of multiple integration events. Second, and perhaps more
importantly, there is no selective pressure for the isolation of identical genome copies.
Traditional genetic modification efforts in cyanobacteria involve antibiotic selection, which
enables the isolation of identical genome copies containing the antibiotic resistance cassette after
several rounds of cultivation.?’> With a fluorescent protein reporter as the selection marker for
genome integration, isolation of identical genome copies containing the fluorescent reporter
cassette would require multiple rounds of FACS. This additional requirement for isolation of
identical genome copies is a significant drawback, yet the method may still be feasible with
repeated rounds of transformation and FACS. Another challenge of the proposed multiple target
promoter replacement is reduced transformation efficiency associated with multiple copies of the
fluorescent protein reporter gene. With each additional genome integration event, another copy
of the fluorescent protein reporter would be present and would interact with other DNA
integration cassettes containing the same fluorescent protein reporter to effectively reduce the
transformation efficiency. Possible solutions to this challenge include the use of different
fluorescent protein reporters (hGFP, Ypet, and mOrange) and the use of different codon
preferences for copies of the same fluorescent protein. As hGFP, Ypet, and mOrange are all
derived from the green fluorescent protein from Aequorea victoria, there are only slight changes
in the DNA sequence of these genes, and therefore, homologous binding is still likely to occur.
By changing codon usage, however, significant variation in the DNA sequence of the fluorescent
protein genes is possible. Lastly, the addition of a recombinase such as Cre or FLP% %* and loxP
or FRT recombination sites flanking the fluorescent protein will allow for the removal of the
fluorescent protein reporter after integration, allowing for additional rounds of mutagenesis. If
these challenges can be overcome, the proposed multiple target promoter replacement technique
is likely to succeed.

The development of a metabolic network for in silico analysis of possible promoter
replacements with the characterized promoters developed in this project will also be a key focus
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area for future research. As the genome sequence is available for Synechococcus sp. PCC 7002
as well as RNA-seq data,?!> 2> a metabolic network for promoter replacement may be developed
from this preliminary information. Additional refinement of the network model will be based on
experimental data of targeted promoter replacements with characterized promoters. The
development of this Synechococcus sp. PCC 7002 metabolic network will complement the
multiple target promoter replacement and help to more efficiently optimize Synechococcus sp.
PCC 7002 as a biofuel and chemical production host.
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